Clinical microbiology has always been a slowly evolving and conservative science. The sub-field of bacteriology has been and still is dominated for over a century by culturebased technologies. The integration of serological and molecular methodologies during the seventies and eighties of the previous century took place relatively slowly and in a cumbersome fashion. When nucleic acid amplification technologies became available in the early nineties, the predicted "revolution" was again slow but in the end a real paradigm shift did take place. Several of the culture-based technologies were successfully replaced by tests aimed at nucleic acid detection. More recently a second revolution occurred. Mass spectrometry was introduced and broadly accepted as a new diagnostic gold standard for microbial species identification. Apparently, the diagnostic landscape is changing, albeit slowly, and the combination of newly identified infectious etiologies and the availability of innovative technologies has now opened new avenues for modernizing clinical microbiology. However, the improvement of microbial antibiotic susceptibility testing is still lagging behind. In this review we aim to sketch the most recent developments in laboratory-based clinical bacteriology and to provide an overview of emerging novel diagnostic approaches.
INTRODUCTION
Clinical microbiology and bacteriology in particular has always been a slowly evolving science. Technologies developed in the 19th century still play a central role in routine diagnostics and subsequent therapeutic responses. Classical growth-based microbiology similar to that employed by Pasteur and Koch is not only used today for microbial detection and identification, it also provides the technological basis for much of the antimicrobial susceptibility testing (AST) that is performed. In addition, even older technologies, including a form of light microscopy that would be recognizable by Van Leeuwenhoek himself, continue to be commonplace. Fig. 1 summarizes today's workflow in this conservative environment. In the bacteriology laboratory, incoming samples are usually subjected to Gram-staining and microscopy after which the same materials are prepared for cultivation on solid or in liquid growth media. After incubation for a sufficient duration at an appropriate temperature in a suitable atmosphere, microbial growth is evaluated. Samples without microbial growth are discarded whereas positive samples are evaluated further including more detailed strain characterization (often initiated by a second and time-consuming round of purifying cultivation) using simple and inexpensive testing (motility assessment, catalase testing etc.). This leads to (partial) species assessment, which may be completed using manual or automated biochemical testing and extended enzymology [1] . Next or sometimes even simultaneously, the bacterial isolates can be further characterized with respect to their antimicrobial susceptibility profiles and their epidemiological characteristics. For these studies, many classical and some automated basic micro- [2, 3] . This overall picture essentially describes the core activities of a clinical microbiology laboratory as it has functioned for the past century.
More recently, several waves of mostly technologically oriented innovation have been observed. With the advent of immunological methods, measurements of host reactivity to infection were facilitated. Definition of antibody specificity and levels using ELISA, co-determined by the exquisite specificity of monoclonal antibodies, became an accepted diagnostic standard for the detection of many microbial infections [4] . Similar serological tests have also been used for epidemiological characterization of microorganisms [5] . After the establishment of immunodiagnostics the development of molecular-based testing was not far behind. Although primarily developed in research oriented laboratories, molecular technology has acquired an important place in clinical microbiology. The direct detection of nucleic acids specific for certain microbial species has revolutionized, for instance, the detection of the sexually transmitted bacterial species Chlamydia trachomatis and Neisseria gonorrhoeae [6] . The use of DNA probes and nucleic acid amplification became well accepted although the analytical specificity and sensitivity of some of these tests may still require optimization [7] . Today biophysical technology is entering the clinical microbiology arena (e.g. matrix-assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF MS) [8] ) and this will allow for further automation of laboratory procedures.
Hence, over the past two decades clinical microbiology laboratories have been genuinely transformed. Direct host testing became more integrated and molecular and biophysical diagnostic technologies were successfully introduced. Over the coming years, the sequential or combined introduction of aspects of the other "omics" technologies (genomics, transcriptomics, proteomics, glycomics, lipidomics etc; for a recent review, see [9] ) will further enhance the implementation of real-time rational therapies and the improvement of microbiological surveillance [10, 11] . This approach will, in turn, lead to prediction, prevention and personalization of the infectious risk assessment and, hopefully, more efficacious treatment of infectious diseases.
This short review aims to describe and position some of the recent technological advances and breakthroughs and to identify current shortcomings in the functioning of the clinical bacteriology laboratory.
CLINICAL SPECIMENS
Clinical specimens and their management are key quality deter- Fig. 1 . Schematic review of activities and procedures in the classical microbiology laboratory (green box). Essential pre-analytical and preparatory steps are given in light blue. Molecular technological innovation is indicated by the grey insertions in the green box, whereas the yellow box identifies host rather than infectious agent testing. The striped box in the middle relates to the recent but central position of novel technologies in the improvement of both host and agent specific testing which in the end should lead to personalization of infectious disease detection and treatment. Finally in dark blue: the central patient-oriented paradigm in the current evolution of microbial diagnostic services. From the moment a specimen is collected, timing becomes critical for microbial viability i.e., the longer specimens are held under bacterial growth-limiting conditions, the smaller the chance of recovering microorganisms by growth-based methods. This, in turn, can lead to drastic performance changes in test sensitivity and specificity as well. Strictly anaerobic organisms, for instance, may ultimately be overgrown by even small numbers of the conditional anaerobic or fully aerobic species. This means that speed of transportation is an important quality parameter in clinical microbiology [12] . Unfortunately the clinical laboratory often cannot stringently control this aspect of quality assurance other than outright rejection of poorly handled clinical materials. Policies to improve awareness are very important in this respect. From a research and development point of view there is an obvious need for improvement of transport media when organism viability is essential. Since some bacterial species are considered to be uncultivable on the presently used artificial growth media, there is also an obvious need for designing new media or alternative culture formats. When diagnostics involve the detection of DNA or other cellular components, a good lysis buffer containing compound-specific stabilizers (e.g. DNase or protease inhibitors) is equally important [13] . The diverse nature of clinical specimens including the biological diversity normally encountered even in different samples of the same clinical material renders adequate detection and quantification a complex and challenging task. Equipment that would facilitate the parallel purification of host cells, bacteria, nucleic acids and/or viruses and proteins or other sub-cellular elements from diverse clinical materials would certainly be both clinically and commercially successful [14] . Obviously, the development of methods that utilize direct enumeration of potentially pathogenic microorganisms using stabilized nucleic acids in samples are less susceptible to transport stringency.
CULTURE IS NOT DEAD!
Culture has been the mainstay of clinical microbiology for the past century and will likely remain so for decades to come despite accelerating technological development and the introduction of novel diagnostic procedures. However, there remains an absolute need for significant quantities of living organisms -not as much for detection and identification of microbial species, since strong alternative technologies are being introduced including MALDI-TOF MS, but more specifically for AST. The ability to document the killing or stationary effect (or lack thereof) of antibiotics on intact, living cells has not yet found a suitable growth-free alternative although advances toward this goal are currently under development [15] . Bacterial killing by antibiotics is usually monitored by the visible changes in bacterial density in liquid or solid growth media in the absence or presence of strategic concentrations of those antibiotics with clinical relevance. The read-out technology may change in the coming years but straightforward live-dead monitoring is still at the core of AST until bacterial death can be reliably and reproducibly measured in single cells or small numbers of cells in a culturefree environment. To date, most applications require between However, classical culture is also being challenged and optimized continuously. The standard Petri dish format is faced with competing films, fibers and nano-porous carrier materials in which the actual "growth containers" may have internal volumes in the nano-liter range. This enables development of contained growth and/or micro-monitoring on alumina oxide chips for example [16, 17] . Solid agar media can be loaded with chromogenic compounds that are specifically metabolized by a certain bacterial species only [18] . This facilitates a direct on-theplate, visual species identification that hastens detailed reporting of culture results. When antibiotics are included in the chromogenic or standard agar-based media, it might provide presumptive species identification but also limited resistance screening [19, 20] . It must be emphasized that AST based upon growth inhibition on solid media is still immensely popular. Disk diffusion testing and/or Etest R are still used as a primary means of AST in many laboratories [21] . The automation of solid media inoculation is becoming extremely important for large sample volume laboratories. A number of systems are currently marketed for that purpose including mechanisms for automated incubation and overall management of actively growing cultures. Such machines usually harbor cameras for real time archiving of (growing) cultures, demonstrating that detection and morphological characterization of (micro-)colonies may potentially speed up time to results for culture-based technology, certainly if growth could be monitored from a distance (e.g. via an internet connection with the incubator's data acquisition station) [22] . It has to be noted that such requirements for small versus big laboratories or laboratories in developed versus developing countries may be hugely different. Liquid culture is continuously optimized as well -not only by changing the medium composition but also by progressive automation and the use of increasingly sophisticated growth sensors. Special compounds, such as resins that specifically cap-http://dx.doi.org/10.3343/alm.2013.33.1.14 www.annlabmed.org ture and inactivate antibiotics present in patient samples, are added to reduce the time to positivity [23] . AST in liquid phase is easily automated and a number of systems are available for the clinical microbiology laboratory including the Becton Dickinson Phoenix, the Siemens Micoscan WalkAway or the bioMéri-eux VITEK2™ systems, which are the three best-known examples [24] .
It has to be noted that there are no studies that unambiguously demonstrate the added value of "rapidity adaptations" of classical microbiology methods [25, 26] . This has to be realized by those involved in microbiological R&D and the focus should clearly remain on the acceleration of these improvements. Obviously, alternative approaches rather than classical methodology may then be obligatory.
CURRENT TRENDS TOWARDS IMPROVEMENT
Clinical microbiology is evolving in a speed that is much higher than it used to be in the previous century. As a consequence, the availability of experienced laboratory personnel is becoming a critical issue and although properly trained technicians are rare, there is a clear need to adapt their training to meet the diagnostic expectations. Current developments in clinical microbiology, in one way or another, target laboratory automation, high level information generation and reducing the overall time to results of detection, identification, and AST of bacteria, yeasts and molds in general. Secondary trends are related to connectivity (between automated systems, between systems and the laboratory or hospital information systems (LIS, HIS) and between the clinical microbiologist and the physician), cost effectiveness, quality services and clinical information content (how to deliver the most useful microbiological information as quickly as possible to clinicians). As technological innovations, imaging, mass spectrometry (MS) and sequencing are at the core of diagnostic R&D and so too are possible improvements in the speed, accuracy, accessibility and clinical correlation of AST results. Below, a selection of such developments will be addressed in more detail.
MOLECULAR TESTING
Nucleic acid testing was introduced in the 1980's. Plasmid purification and (in situ) nucleic acid probe-mediated detection, identification and characterization were the first technologies developed [27] . Neither of these was broadly accepted by the clinical community. The same happened to restriction fragment length polymorphism (RFLP) analysis and a few other even more obscure molecular test formats [28] . However, epidemiological typing using pulsed field gel electrophoresis (PFGE) of DNA macro-restriction fragments became an undisputed gold standard in many laboratories [29] and public health laboratories in particular. And of course sequencing (see separate section below) and PCR became much more appreciated over the past decade. PCR by itself has revolutionized the science of clinical virology generating numerous novel assays with an obvious impact on the care of immunosuppressed and transplant patients. Cell culture-based assays for C. trachomatis were fully replaced by amplification and for all clinically relevant microorganisms multiple sensitive and specific PCR tests were developed, some of which are now fully automated [6, 30] . Real point-of-care tests for difficult-to-detect organisms including Mycobacterium tuberculosis, are currently available, generating a result within the hour without any complicated sample processing steps [31] . Even the difficult-to-diagnose syndromes such as bacterial sepsis and pneumonia can be addressed using some form or another of molecular testing [32, 33] . In addition, specific tests for a variety of virulence or anti-microbial resistance genes have been developed in large numbers. Several of these tests have been cleared by the American Food and Drug Administration (FDA) and are hence ready to fulfill their central role in laboratory innovation [34, 35] . Clearly, PCR is here to stay, although broad acceptance of many of the PCR tests has not yet been fully realized. This also includes tests that monitor host polymorphisms that can predict risk of colonization and/or infection [36] . Such assays will undoubtedly advance and expand in number and quality over the coming decade. Technological improvements are continuous: the use of droplet PCR, for instance, allows for very accurate quantification of the number of target molecules in the clinical starting material [37, 38] . The availability of so-called aptamers, single stranded short RNA or DNA molecules that have exquisite affinity for only a single ligand may again significantly impact nucleic acid diagnostics [39] . We have certainly not yet witnessed the end of the impact that molecular tests will have in clinical bacteriology.
MASS SPECTROMETRY
MS was recently introduced as a new diagnostic tool in clinical microbiology with a first successful application for the detection and sequence-based identification of PCR products [40, 41] . Although the biophysical technology is intrinsically complicated (and beyond the scope of this review), it has to be said that from a practical, laboratory-utilization perspective MALDI-TOF MS is www.annlabmed.org http://dx.doi.org/10.3343/alm.2013.33.1.14 quite simple from a performance standpoint. A bacterial colony grown on a solid agar medium needs to be carefully sampled with a calibrated plastic loop or a toothpick. The biomaterial is deposited on a sample holder and a matrix solution needs to be added. Simple and direct pre-spotting lysis protocols for yeasts, molds and mycobacteria are also available. The sample slide is positioned in the MS machine and bacterial species identification is accomplished by comparing the generated spectrum of proteins (and peptides) to defined mass spectra contained within a reference spectral database representing multiple strains of known bacterial species. The current databases contain hundreds to thousands of such reference spectra and species identification (ID) is reliable and fast. This is precisely why this technology was so quickly accepted by clinical microbiologists. After the introduction of serological and molecular methods, biophysics has now definitely and irreversibly entered the clinical microbiology laboratory.
MALDI-TOF MS is extremely well suited for species identification since the major mass profile that is generated comes primarily from ribosomal proteins, which aligns nicely with current taxonomic classification. However, other applications are being realized including epidemiological typing which is relatively easy to perform relative to other standard methods such as PFGE and multi-locus sequence typing (MLST) [42] . For the purpose of epidemiological typing of bacterial isolates, mass peaks that are specific for a given microbial strain are easily identified and can be used to develop binary typing systems. In addition, certain resistance mechanisms can be identified as well. In case of AST or antimicrobial resistance testing (ART), degradation products of beta-lactam antibiotics that were hydrolyzed by beta-lactamases have been identified in a number of independent studies [43] [44] [45] [46] . By using different (mixtures of) beta-lactam antibiotics as substrates, adequate identification of beta-lactamases could be achieved. Cellular changes or modifications under the influence of antibiotics can be detected as well as was recently demonstrated for the interaction between Candida albicans cells versus fluconazole and Candida and Aspergillus species versus caspofungin [47, 48] . In addition, MS can also be used to identify PCR products derived from resistance genes [40] . The iPLEX MassArray assays developed by Sequenom (San Diego, CA, USA) provide a good example of this flexible technology. The use of reporter molecules for which the mass changes when in contact with microbial virulence factors has been described to help assess the putative invasive potential of bacterial species. Signal peptides that are specifically cut by known proteases have shown diagnostic value for the identification of anthrax and periodontitis [49, 50] .
Of course there are numerous confounding issues associated with diagnostic MS. First, culture is required since the sensitivity of the systems is in the order of 10 4 -10 5 cells per assay. These are numbers rarely encountered in clinical specimens, with the possible exception of patients with significant urinary tract infection [51] . Second, equipment is expensive, bulky, sometimes noisy and in need of costly maintenance. Third, the distinction between certain genera, species or pathovars (Escherichia coli and Shigella spp for example) is still hard to make [52] . This renders regular updates of the database a strict requirement.
(NEXT GENERATION) NUCLEIC ACID SEQUENC-ING
DNA sequencing had already developed into a standard research tool before it entered into the clinical arena. The technology as developed by Sanger is still widely used to sequence relatively short stretches of (usually PCR-amplified) DNA. This has been particularly useful for 16S rDNA sequence identification of bacteria at the species level, but also for epidemiological purposes (MLST; for a review, see [53] ). Sanger sequencing is frequently used to detect point mutations associated with resistance to antiviral compounds or antibiotics. However, the importance of sequencing became even more apparent with the advent of newer generation sequencing procedures in infectious disease diagnosis [54] . These methods for the first time allowed for full sequencing of entire bacterial genomes [55] . When whole genome sequencing is applied in the context of microbial epidemiology or antimicrobial resistance, it can help in generating refined dissemination maps as well as "resistomes" and "toxomes" [56, 57] . To date, the technology has advanced to a state where even the genomes of complex mixtures of bacteria can be determined [58, 59] . This so-called microbial metagenomics can be used to generate complete catalogues of genomic components of bacterial species present in a variety of clinical materials including fecal specimens. In turn, this enables the R&D laboratory to detect differences in the composition of the bacterial flora in healthy versus diseased individuals. This will surely identify species that may be causal in syndromes as different as asthma, Crohn's disease and cardiovascular afflictions [60] , although to date it is not clear when this technology will become routine in the clinical microbiology laboratory. Metagenomics is essential in trying to understand the overall effect of antibiotic treatment on the human microbiome as a whole [61] . At a more advanced state, next generation sequencing (NGS) will also fa-http://dx.doi.org/10.3343/alm.2013.33.1.14 www.annlabmed.org cilitate genetic testing of host susceptibility towards infection or colonization. These current basic research developments will become more visible in the diagnostic laboratory over the coming decade.
The commercial availability of DNA sequencing instrumentation is already large. Companies such as Illumina, Roche and Ion Torrent offer affordable laboratory equipment with a limited footprint and simplified physics and chemistry [62] . The fact that some of these technologies in the end will also enable sequencing of additional biopolymers (proteins, oligo-and polysaccharides and fatty acids) and probably even detection and identification of small molecules of a diverse chemical nature will result in even more accelerated market penetration of unprecedented diagnostic assays.
ALTERNATIVE TECHNOLOGIES
In addition to the more classical diagnostic microbiology approaches there are a number of novel technologies that may be of significance in the not-too-far-away future. Some of these are highlighted below and their potential diagnostic relevance is discussed.
Electronic nose devices
The diagnostic relevance of volatile organic compounds (VOCs) has been described often in literature [63] . The problem with this approach has always been the limited reproducibility of the diagnostic assays and the difficulties encountered in concentration and/or efficient capture of the volatile compounds to be detected and/or identified. In addition, the equipment required was and generally still is complicated to work with, bulky and expensive. A cheap alternative (depending on eating habits) may depend on animals that can differentiate specific scents [64] although that is still considered controversial: having bulky rats with 50 cm tails perform clinical investigations will change the perception of "clinical rounds" in general. Hence, many diagnostic tests have been described but essentially none of them have attained routine status. However, the promise of direct breath testing of infected individuals could open innovative diagnostic avenues in the future.
The most widely used VOC detection procedures encompass micro-weighing techniques using vibrational methods, gas chromatography and changes in electrical conductivity of metal chips. The latter technology has recently been improved significantly with the design of systems that allowed for the kinetic measurement of VOC production by growing bacteria in the head space of an enclosed culture container. Using such approaches it has been demonstrated that the distinction of several bacterial species could be reliably made on the basis of their longitudinal VOC production profile [65] . Next to this dynamic and culture medium-dependent method, it also appears that direct assessment of disease specific tuberculosis markers is feasible. A field study in Bangladesh, among patients and closely matched controls revealed that patients could be identified with reasonable sensitivity and specificity (manuscript submitted). It was anticipated that a diagnostic tool could be produced for less than 100 euro, whereas the tool could be regenerated and used for the diagnosis of multiple patients.
This would suggest that the detection of VOCs could be developed into point of care assays that would possibly enable improved treatment procedures for those patients in geographic regions where this kind of care is most needed. It is interesting to note that for M. tuberculosis a recent paper touted the cataloguing of many if not all of the VOCs produced during in vitro growth of the organism. The combined uses of ion flow tube MS and thermal desorption gas chromatography MS helped identify 2-phenylethanol as a unique volatile marker for mycobacterial growth [66] . This work could potentially be translated into specific test for this or other organism-specific volatiles. In addition, these formats do show promise for antibiotic susceptibility testing in bacteriology [67] .
Vibrational-and absorption-based spectroscopies
There are two examples of vibrational/absorption-based technologies that have been addressed with equal frequency in recent literature. Infra-red spectroscopy depends on irradiation of biological specimens with infra-red light followed by measurement of characteristic absorption and transmission profiles [68] . The disadvantage of this technology is that water strongly contributes to the absorption spectra, which complicates the analysis. This may be why Raman spectroscopy has been favored slightly. Raman spectroscopy measures light scattering that takes place upon illumination of biological specimens with visible (laser) light [69] . The disadvantage in this case is that autofluorescent bacterial components can strongly interfere with spectrum generation (e.g. carotene in Staphylococcus aureus). A relatively pure preparation of bacteria containing a significant number of cells is required for either technology, although single cell applications have been described [70, 71] . We will only mention some examples of Raman applications, but we emphasize that infrared (IR) spectroscopy may be equally applicable if the water signal is efficiently suppressed.
www.annlabmed.org http://dx.doi.org/10.3343/alm.2013.33.1.14 The most "visible" contribution of Raman spectroscopy in clinical microbiology has been in the field of microbial epidemiology. Although it has repeatedly been claimed that Raman spectroscopy can be used to distinguish virtually all clinically relevant bacterial species, definitive data are thus far missing. However, several studies concluded convincingly that typing of different strains belonging to a single species can be performed adequately. For various species of Staphylococcus, Escherichia coli, Klebsiella pneumoniae and Pseudomonas aeruginosa, it has been demonstrated that Raman-mediated typing generates results that are concordant with those of current gold standards [72] [73] [74] [75] . This has shown usefulness for delineating nosocomial outbreaks and even larger scale global dissemination of certain multi-drug resistant strains further suggesting that Raman (and IR) spectroscopy could be developed into useful diagnostic tools with additional research.
In conclusion, a variety of (biophysical) methods have been introduced into the clinical microbiology arena over the past decade. These methods clearly meet certain diagnostic requirements and development is surely continuing. In addition, the use of microfluidic tools will lead to miniaturization of equipment and more facile single cell handling. Such systems, when simplified to paper and lateral flow formats with targeted capillary capabilities, may be well suited for (low budget) field studies even in developing countries [76] [77] [78] [79] . An excellent review on the emergence of such diagnostic nanotechnologies was published recently [80] . Some of these methods have been successfully introduced in the clinical microbiology laboratory which remains a matter of time for numerous other applications. For other methods, e.g., impedance sensing, there is only a proof of principle study at present with no information regarding feasibility [81] . Some studies, however, have demonstrated useful results for both gram positive and negative bacterial identification [82, 83] . Evolution of detection and identification assays in clinical microbiology progresses swiftly.
IMMEDIATE URGENCIES
The development and spread of multi-drug resistant microorganisms including pan-resistant strains generates a universal threat to both humans and animals [84] . Prevention of the development of pan-resistance seems impossible [85] given the environmental antibiotic-mediated selective pressure [86] [87] [88] . Because of this, the diagnostic microbiology field should be strategically aligned towards surveillance and early detection of such resistance. However, AST is lagging behind in continuous improvement as compared to microbial detection and identification. Where most microbiologists will agree that nucleic acidbased diagnostics and MS will dominate the detection/identification fields over the coming years, the prospects for AST improvements are relatively ill-defined. To date, AST is primarily manual, using classical tests such as the use of antibiotic-containing screening media, disk diffusion methodology or Etest R . While automation is available (VITEK2™, Phoenix, Microscan WalkAway etc.), the technology remains growth-dependent. Of course, with the availability of PCR, several systems for molecular AST have been proposed. Still, the "real time PCR antibiogram" is a research rather than a diagnostic tool [89] . A recent paper on the development of a refined molecular test concluded that inhibition of growth as determined by PCR could be successfully used for defining minimum inhibitory concentrations (MICs) of antibiotics [90] . Again, this still remains stuck in the research phase. For future generation methodologies, the experts seem to be agreeing that NGS and also "next generation" MS may help to develop this analytical field, but the time scales for implementation are not clear. It is for these reasons that "intermediate technologies", i.e., ones that can be implemented sooner and provide real progress with regard to the classical culture-based methods are eagerly awaited. Below and in random order, are a limited number of technologies that may in the end help solve the current status quo.
Imaging for AST
AST is a core component of clinical microbiology since it guides proper antimicrobial chemotherapy. Obviously, many simple tools for facilitating its interpretation have been developed. One of them is simple photography of plates where disk diffusion tests were applied. Camera systems have been commercialized and these show useful efficacy [91] . This was extended for use with micro-colonies as well. Serial photography generated minimovies of (non-)growing micro-colonies in the selective presence or absence of various antibiotics. The BACcel TM system as manufactured by Accelr8 is a good example of a machine that can do a one day AST for bacteria grown in blood culture bottles [92] . It shows that simple test formats can still be adapted into systems that serve the clinical microbiologist's needs in a better way.
Fluorescence activated cell sorting
Fluorescence activated cell sorting or FACS enables distinction of cells with different sizes and distinct levels of fluorescence. The fluorescence can be intrinsic to the cells or it can be specif- [93] . There are also fluorescent stains that penetrate only dead cells or cells with a permeable membrane [94] . Hence, cells that are affected or killed by antibiotics can potentially be distinguished from viable ones. During susceptibility testing, the ratio between dead and/or non-dividing cells changes over time and the use of fluorescent labeling and FACS can then help to determine the bactericidal or bacteriostatic effect of the antibiotic studied. It has been shown that methicillin susceptible S. aureus (MSSA) and methicillin resistant S. aureus (MRSA) can be distinguished by FACS after two-hour incubation with oxacillin [95] . When using micro-fluidic methods in combination with FACS, one can also distinguish cellular shapes and sizes. Although this has only been explored for red blood cells, the authors were convinced that this FACS approach could be used to distinguishing resistant from susceptible bacteria in the absence or presence of certain antibiotics [96] . Obviously, this technology is still far away from direct clinical application.
Microbial cell weighing by vibrating cantilevers
Cantilevers containing small canals which facilitate bacterial passage can be made to vibrate continuously. When bacteria pass such a system their sheer weight (in the femtogram range) will cause a change in the frequency of cantilever movement [97] . The nature of the change is correlated with the weight of the passing cells and "light" cells will cause a change in vibration that differs from that induced by "heavy" cells. When cells are treated with certain antiseptics or antibiotics or when they are subjected to unfavorable environmental conditions such as osmotic shock, their buoyant mass density may change and these changes can be measured [98] . This has been demonstrated for ampicillin resistant and susceptible variants of Citrobacter rodentium. It was also shown that resuscitation after osmotic shock for both variants and in the presence or absence of ampicillin could be easily differentiated in a short time-span. The method could potentially allow determination of the growth rate of bacterial cells having a doubling time of ten hours in a mere ten minutes. Cantilevers can be multiplexed using nanotechnology such that multiple antibiotics in various concentrations could be tested for a single growing culture simultaneously.
Micro-calorimetry
Bacteria produce energy and the level of production is affected by the presence of antibiotics to which the microbes may be susceptible. In case of resistance, steady-state energy production will be different in the presence of antibiotics. Recent studies in tuberculosis have shown the usefulness of isothermal micro-calorimetry for the rapid detection of mycobacteria and their susceptibility to isoniazid, ethambutol, and moxifloxacin [99] .
The maximum bacterial growth rate and the lag phase were quantified by integrated heat flow-versus-time analysis. The micro-calorimetric technology used consisted of broadly affordable and sensitive micro-calorimeters. Also using isothermal microcalorimetry, bacterial species identification from urine specimens was suggested to be possible even at low bacterial counts within a little over three hours on the basis of dynamic heat flow patterns [100] . Chip calorimetry is a monitoring tool for determining the physiological state of biofilms. Its potential use for the study of the effects of antibiotics was tested using an established model. The real-time monitoring potential of chip calorimetry was successfully demonstrated: a dosage of antibiotics initially increased the heat production rate probably due to activity of energy-dependent resistance mechanisms [101] . The subsequent reduction in heat production was probably due to the loss of activity and the death of the biofilm bacteria. This new analytical tool provided fast, quantitative, and mechanistic insights into the effects of antibiotics on biofilm activity. Detailed studies on the usefulness of this technology on AST in general are ongoing in various institutions worldwide.
Listening at the microscale
Using optical tweezers capturing little gold nanoparticles and a microscopic sound source, it was recently shown that differences in the vibrational and, hence, energy level of the gold particles could be efficiently measured in liquid media [102] . The gold particle served as a specific "nano-ear" in this model system. Replacing the gold particle by a bacterial cell, either resistant or susceptible to a given antibiotic, in liquid media with or without antibiotics would facilitate characterization of the energy state of the single cells which is supposed to vary on the basis of phenotype and the presence or absence of antibiotics. The latter has not yet been convincingly demonstrated but further developments are eagerly awaited since this would provide another method for measuring the reactivity of single bacterial cells towards different antibiotics.
Rotating magnets
When magnetic beads are brought into specific magnetic fields they adapt a specific rotational spin. The frequency of rotation can be influenced by the binding of other molecules, viruses or bacteria. So if the beads are equipped with a ligand that specifically captures bacterial cells, the rotation of the beads changes at the moment of capture. This change can be measured. If one would pair all beads in a broth culture with one or two cells, which can be done by incubating derivatized beads with a diluted bacterial suspension and then wash, they will assume a constant rotational frequency. If the bacteria start to divide, the rotation frequency starts to change. If this division can be inhibited or blocked by antibiotics (that is, if the cells are susceptible to the antibiotic applied) then the change will not take place. If the bacteria are resistant to the (amount of) antibiotic applied, then again the change in rotational frequency will take place. In this way bacterial resistance can be determined and precisely quantified. Interestingly, specific formats of magnetic nanosensors can also be used to diagnose the presence of intracellular pathogens in host cell populations [103] . Novel developments in this field comprise the use of self-assembling magnetic particles that further facilitate efficient MIC measurements [104] .
RNA sequencing
In the recent past it has been demonstrated that pairs of bacterial strains that differ in AST profiles can be distinguished on the basis of the transcriptome generated in the presence or absence of antibiotics [105] . Antibiotic exposure induces a stereotypical change in transcriptional response within a few minutes [106] and genes involved in for instance SOS response were significantly up-or down-regulated [15, 107] . Even more recent data show that similar transcriptional changes can also be monitored for bacteria present in clinical materials [15] . Again, antibiotic pulsing revealed specific transcriptional signatures for resistant versus susceptible bacteria and mecA or vanA transcription could be detected for MRSA and vancomycin resistant enterococci (VRE), respectively. Still, these investigations are in early developmental stages and further validation needs to be performed. The downside of this approach is that the presence of heteroresistant subpopulations might not be detected amongst the SOS signals generated by the susceptible population.
Testing in microdroplets
Little milli-, micro-or nano-droplets can be used as small, individual reactors. When the droplets can be individually manipulated and when they contain bacteria in sufficient numbers of cells, these microenvironments can serve as mini-fermenters where metabolic activity and viability of cells can be monitored. Development of such a system became feasible once the emulsification process was controlled and the long term kinetic stability of the droplets could be guaranteed [108] . The system consisted of 100 nL droplets containing 10 3 bacteria per droplet and in different droplets, different concentrations of antibiotics could be established [109] . By following the droplets over time by epi-fluorescence measurement, survival or death could be monitored for the bacteria populating the different droplets. Even more recently droplets were prepared that contain single bacteria [110] . This technology can be miniaturized, easily multiplexed with respect to the number of antibiotics tested per bacterial strain and duration of the test can be as short as a single or a few bacterial replication cycles. Obviously, assessing technical reproducibility and the development of adequate reference MIC databases will take many years.
Application of bacteriophage susceptibility
Bacteriophages need living bacteria for their replication such that bacteria that are susceptible to certain antibiotics cannot support the replication of bacteriophage in the presence of these antibiotics. In 1997, the first bacteriophage-based AST system was presented for Mycobacterium tuberculosis [111] . Two years later a clinical validation study of six different antibiotics was published [112] and it was demonstrated that a 90% drop in phage counts could be used as an indicator for the MIC. The system was optimized by including recombinant phages containing luciferase genes. Instead of doing phage counts, simple luminescence assays were developed [113] . It was shown that the luciferase assay could be done at low costs in two days as opposed to the average of 10 days for classical AST for M. tuberculosis. These data were independently replicated and technological innovation continued [114] [115] [116] . Some of the tests were even applied successfully in developing countries [117] . The system was even further refined by using "fluoromycobacteriophages", phages with intrinsic fluorescence [118] or by the application of real time PCR detection of (non-)replicating bacteriophages [119] . Interestingly, the system was never widely accepted in clinical microbiology, nor was it expanded to other bacterial applications. Two of the major problems were laboratory contamination with bacteriophage [120] and possible phage resistance of certain bacterial strains. So irrespective of the sound biological principle of this approach, this system is unlikely to change our AST practice.
In conclusion, classical microbiological methods for AST can still be successfully applied but then become the time limiting step in the clinical microbiology laboratory. Innovation in the field of AST in particular supported by microfluidic approaches [121] [122] [123] as described above, is urgently needed to accelerate http://dx.doi.org/10.3343/alm.2013.33.1.14 www.annlabmed.org clinical testing and improve medical decision making with regard to antimicrobial therapy. Obviously, genome sequencing will be considered for novel generations of AST formats and the first examples linking genome sequencing with the identification of appropriate antimicrobial therapy has already been published [124] . As another example, programmed cell death in bacteria subjected to antimicrobials, highly sophisticated methods including nuclear magnetic resonance (NMR) or assessment of dielectric permittivity may help identify novel metabolic or biophysical markers of susceptibility or resistance [125] [126] [127] . However, as for all of the other innovative methods, setting up optimal reference databases will take significant R&D efforts for the years to come.
CONCLUDING REMARKS
Full or partial microbiology laboratory automation [128, 129] , depending on the size of the laboratory, is important to increase the speed of species identification and to accelerate AST. This philosophy can be strongly supported by dedicated use of smartphones or tablet computers [130] . Nucleic acid-mediated diagnostic methods are with us to stay and are slowly getting their much deserved recognition. At the same time, MS is revolutionizing post-culture bacterial identification. Although we are far from direct processing of clinical specimens using this technology, much research effort will be focused toward that end in the coming years. Additional biophysical methodologies, accompanied by the widely acknowledged "omics" technologies (genomics, transcriptomics, metabolomics, glycomics, lipidomics, interactomics etc.), are slowly being introduced and there is a healthy research focus on single cell detection and manipulation [131] . Human markers for colonization and infection susceptibility will steadily be added to the diagnostic repertoire over the coming years (next to the currently available C-reactive protein [132] , procalcitonin [133] and others [134] ) and laboratory automation will continue to evolve [135] . From that perspective, the future microbiologist should acquire significant knowledge in the fields of (large scale) data management, bioinformatics and communication. Challenging times lay ahead of us.
